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MINOR ROUTES OF FRUCTOSE METABOLISM
The ubiquitous enzyme hexokinase phosphorylates fructose to fructose-6-phosphate, an intermediate of glycolysis. However, hexokinase has a much higher affinity for glucose than for fructose. Therefore, fructose is only phosphorylated when no free glucose is present in the cell. This is true for erythrocytes and leucocytes which can oxidize fructose as well as glucose, but do so only in the absence of the latter hexose (Froesch, Wolf, Baitsch, Prader, and Labhart, 1963) . In these cells the speed of glucose transport exceeds the rate of glucose phosphorylation so that free glucose is always present inside the cell. The situation is different in muscle. In the absence of insulin and below a blood glucose concentration of 50 mg/100 ml no free glucose is present in the cytoplasm and the fructose entering the cell may be phosphorylated by hexokinase to fructose-6-phosphate (Froesch, 1965a; Morgan, Henderson, Regen, and Park, 1961) . Adipose tissue appears to play a major role in fructose metabolism, particularly in patients in whom the specific pathway of fructose is deficient. Glucose transport appears to limit the rate of glucose metabolism under almost all circumstances in adipose tissue, so that no free glucose is ever present (Froesch and Ginsberg, 1962; Crofford and Renold, 1965) . Fructose on the other hand is transported in a rapid insulin-independent manner, particularly when present in the medium in high concentration; moreover in this tissue fructose phosphorylation by hexokinase is not inhibited by free glucose (Froesch, 1965a; Froesch and Ginsberg, 1962; Ginsberg, 1965 Fructose is not only metabolized, but is also produced in specialized tissues such as the accessory reproductive glands of the male. Hers has detected two enzymes catalyzing the reduction of glucose to sorbitol and fructose, ie, aldose reductase and sorbitol dehydrogenase (Hers, 1960 ). Fructose appears to be the major source of energy for the sperm. The same enzyme system is also present in the brain and nervous system (Gabbay and O'Sullivan, 1968) . The interesting hypothesis has been put forward that during hyperglycaemia sorbitol and fructose might be formed in excessive amounts in brain and nerve tissue. Due to the relative impermeability of the blood-brain barrier for fructose and sorbitol, these latter substances might be the cause of a relative hyperosmolarity in the brain during rapid lowering of the blood sugar and might be responsible for the cerebral oedema which is still one of the major causes of death during the treatment of diabetic acidosis (Clements, Prockop, and Winegrad, 1968) . ESSENTIAL FRUCTOSURIA Essential fructosuria is a rare inborn error of metabolism which should be considered as a harmless anomaly rather than as a disease, since it does not cause any untoward signs and symptoms (Steinitz, Steinitz, and Mizrachi, 1963) . Essential fructosuria is transmitted by an autosomal recessive gene and it is encountered almost exclusively in Jews. The enzyme fructokinase is lacking (Schapira, Schapira, and Dreyfus, 1961) . Fructose is absorbed unchanged in a normal fashion from the gut, rising to very high levels in the blood, and approximately 10 to 20% is excreted in the urine (Fig. 2) . Since the specific pathway of fructose is absent, it must be assumed that a considerable portion of fructose is metabolized by adipose tissue, as indicated by the fall of the free fatty acids during fructose tolerance tests (Steinitz, personal communication (Table II) consists of two types of reaction. Half to one hour after fructose administration the patient shows all the signs and symptoms of hypoglycaemia such as sweating, trembling, and a variable degree of disturbed consciousness (Fig. 3) ; hypoglycaemic coma may develop (Froesch et al, 1957) . These symptoms are readily relieved by intravenous glucose administration. At the same time the patient complains of nausea and often vomits several times. It is probably the nausea and vomiting that induce the very strong aversion of patients with hereditary fructose intolerance toward all sweet foodstuffs containing fructose. Shortly after the ingestion of large doses of fructose the serum levels of the liver-specific enzymes rise and hyperbilirubinaemia, fructosuria, and aminoaciduria develop (Levin et al, 1963; Froesch et al, 1959 (Milhaud, 1964) and leads to the above-mentioned symptoms of hypoglycaemia. However, the nausea and vomiting may be largely due to the accumulation of fructose-i-phosphate in the mucosa of the small bowel, because they may persist after relief of the hypoglycaemia (see Fig. 3 that a lack of inorganic phosphorus is responsible for the inability of the liver to mobilize glycogen under these conditions. It must rather be assumed that the fructose-i-phosphate directly inhibits the action of phosphorylase on glycogen to form glucose-i-phosphate (Nivelon et al, 1967) . Besides glycogenolysis, gluconeogenesis appears also to be blocked by fructose-i-phosphate.
We have shown that fructose-i-phosphate competitively inhibits fructose-1, 6-diphosphate aldolase (Froesch et al, 1959) . Thus, the condensation of the two phosphorylated trioses to form fructose-1, 6-diphosphate may be impeded in the presence of large amounts of fructose-i-phosphate so that the synthesis of glucose might be blocked at this level. In this respect it is of interest that the hypoglycaemia caused by fructose in hereditary fructose intolerance may be alleviated by the administration of galactose (Cornblath, Rosenthal, Reisner, Wybregt, and Crane, 1963) , but not by glycerol which has to undergo condensation to fructose-1,6-diphosphate by fructose-1,6-diphosphate aldolase (personal observations).
The proven primary enzyme deficiencies in essential fructosuria and hereditary fructose intolerance and the secondary inhibitions due to fructose-Iphosphate accumulation are shown in Figure 4 . (Fig. 3) and thus establishes the diagnosis of hereditary fructose intolerance; in contrast, patients with essential fructosuria show little or no fall in glucose and no fall in phosphate (Fig. 2) . Rarely the liver cell damage in hereditary fructose intolerance may be so severe that the amount of fructose phosphorylated by the liver may be too small to induce hypoglycaemia (Black and Simpson, 1967) . In such infants the dose of fructose may have to be doubled in order not to miss the diagnosis. One large dose of fructose does less harm to these children than prolonged daily exposure to smaller quantities.
The ratio of fructose-1,6-diphosphate adolase to fructose-i-phosphate aldolase activity in a liver biopsy specimen may also be determined to clinch the diagnosis of hereditary fructose intolerance (Table II1 ). This ratio is approximately 1 in normals and above 5 in patients with hereditary fructose intolerance (Wolf and Froesch, 1963; Black and Simpson; Froesch, 1965b; Marthaler and Froesch, 1967) . These patients consistently avoid any sweet foodstuff containing fructose, sucrose, or glucose. In our view this proves that the development of dental caries is impossible when no monosaccharides and disaccharides are present in the diet. The second point concerns the role of sucrose in obesity. It would be unfair to those of you who believe that sucrose is the true evil of modern civilization if I did not mention that most patients with hereditary fructose intolerance are lean. However, I have personally seen one business woman from Munich with hereditary fructose intolerance who managed to be 20 to 30% overweight despite a very strict regimen containing no sugar whatsoever. This case unequivocally proves that it is perfectly possible to become obese without taking any sucrose in the diet.
